Using the transimissivity between two thermal reservoirs and the generalized Planck distributions, we describe the devices that use radiative energy transfer between thermal reservoirs in a unified formalism. Four types of devices are distinguished. For power generators that use the temperature difference between reservoirs, photovoltaic (PV) and thermoradiative (TR) devices respectively use the low-temperature photovoltaic cell and high-temperature thermoradiative cell to generate electricity. For active cooling, the electroluminescent (EL) cooling devices apply a forward bias voltage on the object we want to cool, whereas the negative EL cooling devices apply a reversebias voltage to the heat sink. The relationship among these four devices is explicated. The performance of the negative EL cooling is analyzed, both in the Shockley-Queisser (blackbody spectrum and radiative recombination) framework and the near-field enhancement. The "impedance match" condition derived for PV systems is applied to the negative EL devices. One advantageous feature of the negative EL cooling is that it does not apply the voltage to the target object which we want to cool, and the nearfield enhancement can apply to various target materials that support the surface resonant modes.
used to enhance the performance of the other three types of devices.
38
For a general PV power generator [1] , the incoming photons of high and 39 low energies are both wasted -photons of energies lower than the bandgap 40 of PV cell (E g ) cannot generate any electrons and holes, whereas photons of 41 energies higher than E g can produce a voltage no larger than E g /|e| (e be-42 ing the electron charge). Therefore the ideal photon emission spectrum is a to the PV cell and to the emitter at the same rate [33, 37, 39] .
67
In our previous work [40], we describe both PV and TR power gener-68 ators in a unified formalism that involves the transmissivity between two 69 reservoirs and the generalized Planck distributions [41, 42, 43] . We also 70 showed how near-field TPV concept can enhance the TR performance. In 71 the present work, we further generalize the formalism to all four devices men-tioned above, and therefore the "impedance matching" condition derived for 73 TPV can be easily applied to all types of devices. In particular, we focus on 74 the negative EL cooling whose near-field enhancement has not extensively 75 studied in literatures [14] . Only the planar structure is considered, and the 76 transmissivity is computed using the dyadic Green function [44, 45, 46 ] (see 77 also Appendix) and the fluctuation-dissipation relation between the thermal 78 current and temperature [47] . The rest of the paper is organized as follows.
79
In section 2, we provide a general and unified formalism for thermal radia- 
with T the temperature measured in energy, i.e. the Boltzmann constant 
141
The sign convention is defined with respect to a pn-junction [ Fig. 3(a) ].
142
Under a forward bias, the current flows from p-side to n-side, which de- 
j sc = −|j sc | is the photo-generated current, which is negative (see Eq. 6 and
148
Eq. 21 for a derivation). A typical behavior of Eq. 2 is given in Fig. 3(b) .
149
Without providing the details, we note |e|V = µ, and the photon chemical 
151
Let us discuss the PV devices using Eq. 2. On the one hand, the illu- 
159
Once an external load is attached, electrons and holes recombine through the 160 load to produce the electric power.
161
In the ideal PV cell where only the radiative recombination is considered,
162
the photocurrent (I c ) is equal to the flux difference between the photon ab-163 sorption (which generates current) and photon emission (which annihilates 164 current). The power is given by
6
The minus sign comes from that the photocurrent is by definition negative. If
166
P cell is positive, the cell consumes energy; if P cell is negative, the cell generates 167 energy [ Fig. 3 (b) ].
168

The formalism
169
Now the radiative energy transfer between two reservoirs is considered.
170
A reservoir is characterized by a temperature T and an voltage |e|V = µ.
171
Considering two reservoirs, labeled as 1 and 2, fixed respectively at (T 1 , µ 1 ) 172 and (T 2 , µ 2 ), the photon number flux and energy flux from 1 to 2 are given
Here the transmissivity between the reservoirs 1 and 2 is given as ε 12 (ω) systems composed of two reservoirs will be considered, the subscripts will be 182 neglected, i.e., ε 12 (ω) ≡ ε(ω), for the rest of the paper.
183
Four types of devices are now distinguished. The PV devices use the 184 low-T reservoir (PV cell) to generate the power. The photocurrent and its 185 generated power at PV cell is
Here T h /T l is the temperature of the high-T/low-T reservoir. When µ > 0
187
and Θ(ω; T h , 0) − Θ(ω; T l , µ) > 0 (so that I c > 0), the power is "negative", 188 7 meaning it generates power. Using Eq. 5, the power absorbed by the PV cell
which is positive, meaning the PV cell gets energy from the other reservoir.
191
The TR devices use the high-T reservoir (TR cell) to generate the power.
192
The photocurrent and its generated power at TR cell is
is "negative", meaning it generates power. Using Eq. 5, the power absorbed
195
by the high-T TR cell is
which is negative, meaning the TR cell losses energy to the other reservoir.
197
For cooling devices, we assume reservoirs 1 and 2 are at temperatures T 1
198
and T 2 respectively, and reservoir 1 at T 1 is the target cell which we want 
When µ > 0 and Θ(ω;
is "positive", meaning the target cell consumes the power. Using Eq. 5, the 204 power absorbed by the target cell is
which is negative, meaning the target cell dissipates its heat to heat sink.
The negative EL cooling devices apply a reverse bias voltage to the heat 207 sink. The photocurrent and its generated power at the heat sink is
When µ < 0 and Θ(ω;
is "positive", meaning the heat sink consumes the power. Using Eq. 5, the 210 power absorbed by the reservoir 2 is
which is positive, meaning the heat sink gets thermal radiation energy from 212 the target cell. 
Cooling performance and maximum heat removal flux
214
For a cooling device, the coefficient of performance or COP is defined by
with W being the work done to the device, and Q c the heat removed from 216 the reservoir of interest. Larger η COP implies a larger heat removal flux for 217 the same input work, or the same heat removal flux at a smaller input work.
218
For EL cooling devices, using Eq. 10 and 11, one gets
µ being positive for the EL cooling ensures η COP,EL > 0. For negative EL 220 cooling devices, using Eq. 12 and 13, one gets
µ being negative for the negative EL cooling ensures η COP,N EL > 0.
222
In addition to COP, the net radiation flux leaving the cell (at T 1 ), given 223 by the negative of Eq. 11 for the EL cooling and Eq. 13 for the negative 224 cooling, there exist a maximum current and a maximum radiation flux 
and the maximum heat removal flux is 
10
Eq. 8 respectively reduce to
Eq. 2 is thus obtained by identifying
Both j P V (−∞) and j T R (−∞) are negative. When using the same T h and T l ,
and TR devices are respectively illustrated in red and in blue in Fig. 3 (b) . to the cooling devices should be as small as possible.
270
It is worth emphasizing that both V-I curves in Fig. 3 
Overview and material parametrization
286
In this section we apply the formalism to the negative EL cooling devices,
287
emphasizing the near-field enhancement. The same analysis on other three 288 devices are given in our previous work [39, 40] . The basic components of 289 a negative EL cooling device is illustrated in Fig. 4(a) . The heat sink is its dielectric property will be specified shortly. We consider the semi-infinite applied to the semiconductor heat sink.
300
For the semiconductor heat sink, the dielectric function is governed by 301 the direct valence-to-conduction interband transition [53, 54] , 
The surface resonant frequency is given by ω 0 = ω pl / √ 2, so we choose ω pl = 317 √ 2 × 1.1 · E g , and the decay is chosen to be γ m = 0.002ω pl . For the Lorentz 318 target cell, the dielectric function can be described by the Lorentz oscillator 319 model: 
Simulation results
Discussion
373
We begin the discussion by comparing the TR devices as a power gener-374 ator with the negative EL cooling (two µ < 0 devices, see cooling.
406
Finally, we recognize that the near-field devices, such as the setup in to the heat sink. In all these devices, the transimissivity is the material and 427 geometry specific quantity that plays the crucial role in the performance.
428
Once the "impedance match" condition, originally derived for optimizing
429
PV devices, is formulated using transmissivity, it can be straightforwardly (which we want to cool), it can be useful for cooling the wide-gap insulators 438 or metals.
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The total emitting power (integrating over
(ω/c) 2
Note that in Eq. 30, the term in the square bracket has the dimension 1/L 2 ,
453
and the dimensionless transmissivity at a given in-plane K and frequency ω 454 is give by
Eq. 31 is the transmissivity for two planar reservoirs. Let us consider the In the non-equilibrium situation where e-h concentration is larger than that at equilibrium, E F C > E F , E F V < E F and µ = E F C −E F V > 0. (c) In the non-equilibrium situation where e-h concentration is smaller than that at equilibrium, E F C < E F , E F V > E F , and µ = E F C − E F V < 0. The cell is fixed at 300 K whereas and heat sink temperatures 250 K. The radiative flux shows a maximum value when γ m /ω pl ∼ 0.016 for both temperature differences.
